Theranostic nanoparticles hold great promise for simultaneous diagnosis of diseases, targeted drug delivery with minimal toxicity, and monitoring of therapeutic efficacy. However, one of the current challenges in developing theranostic nanoparticles is enhancing the tumor-specific targeting of both imaging probes and anticancer agents. Herein, we report the development of tumor-homing echogenic glycol chitosan-based nanoparticles (Echo-CNPs) that concurrently execute cancer-targeted ultrasound (US) imaging and US-triggered drug delivery. To construct this novel Echo-CNPs, an anticancer drug and bioinert perfluoropentane (PFP), a US gas precursor, were simultaneously encapsulated into glycol chitosan nanoparticles using the oil in water (O/W) emulsion method. The resulting Echo-CNPs had a nano-sized particle structure, composing of hydrophobic anticancer drug/PFP inner cores and a hydrophilic glycol chitosan polymer outer shell. The Echo-CNPs had a favorable hydrodynamic size of 432 nm, which is entirely different from the micro-sized core-empty conventional microbubbles (1-10 µm). Furthermore, Echo-CNPs showed the prolonged echogenicity via the sustained microbubble formation process of liquid-phase PFP at the body temperature and they also presented a US-triggered drug release profile through the external US irradiation. Interestingly, Echo-CNPs exhibited significantly increased tumor-homing ability with lower non-specific uptake by other tissues in tumor-bearing mice through the nanoparticle's enhanced permeation and retention (EPR) effect. Conclusively, theranostic Echo-CNPs are highly useful for simultaneous cancer-targeting US imaging and US-triggered delivery in cancer theranostics.
Introduction
Recent clinical cancer therapy still remains far from successful in spite of the constant attempts utilizing nanoparticles to overcome the adverse effects of conventional chemotherapy. [1] [2] [3] Although the use of nanoparticles has improved the tumor targeting of anti-cancer drugs, the less than perfect tumor targeting efficiency of nano-sized delivery cargo has inevitably caused unsatisfactory therapeutic efficacy and toxicities in normal tissues and cells. [4] [5] [6] [7] In this context, ultrasound (US) technologies in combination
Ivyspring
International Publisher with highly sophisticated echogenic particles deserve full credit as an effective means to ablate solid tumors very effectively. [8] This is because US can be focused and penetrate deeply at the target regions, improving the selectivity of the cancer imaging and treatment while reducing undesirable side effects immensely. [9] In addition, the US-induced biological effects become more powerful and beneficial when US energy interacts with oscillating echogenic particles. The cavitation is induced by the expansion, collapse and oscillation of bubbles that can be utilized as a sonoporation inducer for enhancing drug/gene penetration into tissues and cells. [8, [10] [11] [12] [13] [14] With the advancement of US technologies, echogenic particles have been evolving now from a simple echo enhancer for US imaging to versatile echogenic particles, which are equipped with drug-loading, specific disease-targeting and in vivo-friendly physicochemical functions and features. [13, 14] Because the inner gas is a poor solvent for drug molecules, effective drug-loading strategies must be employed in various ways. Up until now, conventional gas-filled microbubbles, which can be destroyed by US energy, have been applied to the localized and/or targeted drug delivery and the optimization of drug action. [15, 16] Nevertheless, conventional microbubbles are still incapable of specific tumor targeting, due to their large particle size and short half-life, which occurs within several minutes of being in the blood stream. Furthermore, these microbubbles also have poor drug loading capacity as a drug delivery carrier. [17] [18] [19] Recently, new echogenic nanoparticles have attracted much attention, due to their unique properties of cancer-targeting US imaging and US-triggered drug delivery system in cancer treatment. In particular, echogenic lipid-based nanoparticles and polymeric micelles containing a specific type of US contrast agent of perfluoropentane (PFP, boiling temperature is 29°C) have been extensively explored as new US-based theranostic nanoparticles. [20] [21] [22] [23] [24] [25] This is because PFP-encapsulated nanoparticles could present the temperature-dependent phase-transition property from liquid-phase PFP to microbubble formation at the body temperature. [21, 25] Therefore, PFP-encapsulated nanoparticles could be localized at the targeted tumor tissue through the enhanced permeability and retention (EPR) effect and the particles were transformed into micro-sized echogenic bubbles at tumor tissues. Theses microbubbles at targeted tumor tissues could be used as new echogenic particles for cancer-targeting US imaging and US-triggered drug delivery system in cancer theranostics. However, it has been reported that PFP-encapsulated nanoparticles still presented major problems, such as heterogeneous size distribution and short in vivo half-life, in the engineering of ideal nano-sized echogenic nanoparticles. [20] [21] [22] Herein, we present new anticancer drug-and liquid-phase PFP-encapsulated echogenic glycol chitosan nanoparticles (Echo-CNPs) that have a homogeneous nano-sized particle structure for cancer theranostics. To develop novel echogenic and theranostic nanoparticles, an anticancer drug and bioinert perfluoropentane (PFP), an US gas precursor, were simultaneously encapsulated into pre-formulated tumor-homing glycol chitosan nanoparticles (CNPs) via the oil in water (O/W) emulsion method. We previously reported that the liquid-phase PFP was successfully encapsulated into the hydrophobic inner cores of pre-formulated hyaluronic acid nanoparticles using the O/W emulsion method, wherein the PFP in oil phase was simply and successfully encapsulated into pre-formulated hyaluronic acid nanoparticles in aqueous phase using a gentle sonication for 2 min at 0 ºC. [26] This new approach of utilizing pre-formulated, self-assembled nanoparticles to encapsulate liquid-phase PFP provided several advantages in the construction of nano-sized, very stable and long-acting US contrast agents. Interestingly, the liquid-phase PFP was confined in multiple hydrophobic inner cores inside the hyaluronic acid nanoparticles.
Therefore, the homogeneous nano-sized particle structure could be rationally engineered to go into the systemic blood circulation with the enhanced half-life and strong echogenicity in tumor-specific US imaging.
For cancer theranostics, by using this simple O/W emulsion method, pre-formulated and tumor-homing anticancer drug-encapsulated glycol chitosan nanoparticles (CNPs) with in vivo favorable nano-dimensions of 300 nm were used as robust and effective scaffold to encapsulate extremely hydrophobic and bioinert PFP into the hydrophobic inner cores of CNPs. The produced Echo-CNPs were composed of drug/PFP inner hydrophobic cores and biocompatible glycol chitosan outer shell, formulated via the oil in water (O/W) emulsion method. For tumor-targeting US imaging and US-triggered chemo-drug delivery, newly developed Echo-CNPs were designed to have in vivo-favorable physicochemical properties with the convenient nano-sized particle structure (432 nm), high drug-loading efficiency, prolonged echogenic properties, as well as tumor-specific tumor targeting, etc. Importantly, Echo-CNPs simultaneously containing both drug and PFP presented a high level of tumor accumulation, which may lead to successful cancer theranostics: US imaging and US-triggered drug delivery at the same time.
Results and Discussion

Rational Design of Drug and PFP Encapsulated Echo-CNPs
A new approach was made that pre-formulation of anticancer drug-encapsulated glycol chitosan nanoparticles (CNPs) was first prepared prior to the encapsulation of echogenic liquid-phase perfluoropentane (PFP). [26] Pre-formulated anticancer drug-encapsulated CNPs with in vivo-favorable nano-dimensions can provide a robust and effective scaffold to encapsulate a large amount of chemo-drugs and extremely hydrophobic PFP (Fig.  1a) . Based on the nano-sized particle structure, we expected that Echo-CNPs with both anticancer drug and PFP could be localized at targeted tumors through the enhanced permeability and retention (EPR) effect. In contrast, microbubbles are not allowed to extravasate from the blood vessel to the surrounding tissues due to their micro-sized dimensions (Fig.  1b) . Moreover, we hypothesized that the echogenic Echo-CNPs can visualize and cure the target tumor tissue simultaneously via cancer-targeted, US-triggered imaging and drug delivery. Echogenic Echo-CNPs can improve the drug release profile by external US irradiation, resulting in a burst release of the anticancer drugs at targeted tumor tissues. Therefore, the promising theranostic aspect of Echo-CNPs can impact cancer-targeted imaging and US-triggered drug delivery, simultaneously. (a) Schematic illustration of echogenic chitosan-based nanoparticles (Echo-CNPs). Glycol chitosan polymer was modified by hydrophobic 5β-cholanic acids, enable it to make self-assembled nanoparticles in the aqueous condition. The chemo-drug was loaded into CNPs when they were self-assembled, and theranostic Echo-CNPs were formulated by emulsification with PFP. (b) Gas bubbling and drug releasing behaviors of PFP/chemo-drug co-loaded Echo-CNPs, and passive tumor targeting by EPR and US triggered drug delivery process.
In order to develop theranostic Echo-CNPs, first, each glycol chitosan polymer was chemically modified with 158 ± 5.6 molecules of hydrophobic 5β-cholanic acid. This provides the hydrophobic driving force to assemble glycol chitosan nanoparticles (CNPs) spontaneously, possessing hydrophobic inner cores of 5β-cholanic acid in the aqueous condition. [27] [28] [29] [30] Secondly, anticancer drugs, docetaxel (DTX) or doxorubicin (DOX) in methylene chloride solution was added dropwise followed by a simple dialysis process to formulate DTX-encapsulated CNPs (DTX-CNPs) or DOX-encapsulated CNPs (DOX-CNPs). Drug-encapsulated CNPs formed a stable nanoparticle structure with an average diameter of 300 nm, and the drug-loading efficiency was approximately 90%. Finally, to make echogenic CNPs using the oil in water (O/W) emulsion method, an oil-phased PFP solution (1%, v/v) was slowly mixed with the pre-formulated DTX-CNPs or DOX-CNPs and both NPs were emulsified again in an ice bath to construct drug-and PFP-encapsulated CNPs (Echo-CNPs). As a control, native glycol chitosan polymer without 5β-cholanic acid moieties-PFP mixture (PFP-GC) and commercially available lipid-based microbubbles, Sonovue®, were tested together as micro-sized echogenic particles.
Physicochemical Properties of Theranostic Echo-CNPs
Size distributions of Echo-CNPs in saline at 25°C were observed by dynamic light scattering (DLS), compared to control particles, PFP-GC and Sonovue® (Fig. 2a) . As expected, the self-assembled DTX-CNPs with 10 wt% of DTX had an average diameter of 287 ± 25 nm with a narrow size distribtution. After loading PFPs into DTX-CNPs, the echogenic Echo-CNPs still appeared homogeneous and showed in vivo-favorable nano-size distribution although their average size was increased up to 432 ± 32 nm. The commercialized Sonovue® microbubbles and a simple mixture of PFP and GC showed heterogeneous size distributions with average diameters of 2889 ± 465 nm and 1241 ± 123 nm, respectively. The precise nanostructure of Echo-CNPs was also confirmed using TEM after the negative staining of glycol chitosan polymers with uranyl acetate to enhance the contrast between the drug/PFP region and the stainable glycol chitosan polymer regions. As a result, spherical nanoshapes were clearly observed (Fig. 2b) but no noticeable differences were found between the before and the after PFP encapsulation into CNPs at 25 °C. In optical microscopic images, one of the controls, native GC polymer without hydrophobic 5β-cholanic acids, showed micro-sized particle structure after loading PFP at 25 °C in the buffered condition. Meanwhile, conventional Sonovue® microbubbles composed of sulfur hexafluoride gas inner cores and lipid shell layers also presented micro-sized bodies. Moreover, the unstable outermost lipid shell layers of Sonovue couldn't withstand the evaporating sulfur hexafluoride gas that the size of the microbubbles became bigger even at room temperature. These comparative observations clearly implied that the hydrophobic driving force that existed on the chemically modified GC polymer was a decisive factor to load PFP inside CNPs and to maintain their small and robust nanostructure.
In order to predict the nanostructure of PFP-loaded Echo-CNPs more precisely, the chemical compositions of Echo-CNPs were analyzed by TEM-EDX (Fig. 2c) . From Fig. 2C , O (orange), which represents the hydroxyl group of GC polymers, was observed in the outermost surface layer of particles, which means Echo-CNPs were surrounded by hydrophilic hydroxyl parts of GC polymers. As expected, N (red), which represents the amine group of GC polymers, was distributed in the entire particle, indicating that Echo-CNPs were mainly comprised of GC polymers. For F (blue), which represents the fluorine of PFP, it was evenly distributed inside the GC polymer scaffolds of the nanoparticles. Since PFPs are encapsulated into the hydrophobic pocket of CNPs when they are self-assembled, as discussed before, this result is well correlated with the previous results.
Temperature-Dependent Bubble Formation Process of Echo-CNPs
In order to predict the bubble formation process and the in vivo behaviors of Echo-CNPs, the time-dependent size variations were observed and measured by optical microscopy and DLS, respectively. As results, Echo-CNPs did not show a noticeable size increase in saline during the first 20 min incubation at 25°C, while large micro-sized bubbles were clearly observed in the optical microscopic images after 20 min post-incubation in the same buffer at 37°C (Fig. 3a) . The DLS measurement showed the accurate size increase tendency over time depending on the external temperature. The size of Echo-CNPs increased quickly from 434 nm to 2 µm in saline buffer at 37 ° C while the size increase rate was slower during the 1 h incubation at 25°C (Fig. 3b) . Since the boiling point of PFP is 29 °C, the evaporation of PFP was effectively retarded inside the hydrophobic pocket of Echo-CNPs at room temperature. [26] On the other hand, most of the lipid-based Sonovue® microbubbles disappeared within 20 min even at 25°C. Conventional Sonovue® microbubbles are composed of sulfur hexafluoride gas as inner cores and lipid shell layers. They presented prominent gas-bubbling structures from the nano-to the micro-sized bodies due to the continuous evaporation of the sulfur hexafluoride gas (boiling point; -63 °C) in the buffered condition at 25 °C. The soft outermost lipid shell layers of Sonovue® couldn't withstand the pressure of the evaporating sulfur hexafluoride gas. The size of the microbubbles increased dramatically even at room temperature. Meanwhile, the other control group, PFP-GC mixture, also showed a fast size increase rate within the 10 min incubation at 25 °C, and finally the GC polymers formed macro-sized aggregates, indicating most of the PFPs came out and evaporated from the simple PFP-GC mixture. This result indicates that without the hydrophobic molecules, GC polymers cannot make stabilized and robust nanostructures, which can entrap PFPs into their inner cores in an aqueous environment. Taken together, the comparative observations clearly implies that the hydrophobic driving force that exists on the GC polymer is a decisive factor that enables the loading of PFP inside CNPs and maintains their small and robust nanostructure.
More precise TEM observations were performed to visualize the bubble formation process of Echo-CNPs as the external temperature increased (Fig. 3c) . As the external temperature increased from 4°C to 60°C in the TEM chamber, the sizes of Echo-CNPs gradually increased by the expansion of GC scaffold as the PFP inside evaporates. Interestingly, the illuminated white spots in Echo-CNPs gradually expanded, while the particle sizes increased from 400 nm to 2 µm as the external temperature increased from 4 °C to 60 °C. At 60 °C, the body of Echo-CNPs was slightly distorted by partial evaporation of PFP gases from the hydrophobic pockets of CNPs. These unique bubbling behaviors can be explained by the robust and unique nanostructure of Echo-CNPs. The extremely hydrophobic PFP, which exists in the hydrophobic 5β-cholanic acid inner cores, evaporates from liquid to gas phase thus expands the CNP scaffold slowly and continuosly at above its boiling temperature. At the high temperature of 60 °C, PFP gases bursted from the relatively weak areas of the solid CNPs. More interestingly, after 20 min post-incubation at 37°C in the TEM chamber, when Echo-CNPs were exposed by the external US irradiation (10 MHz; mechanical index: 0.235; average power: 0.0676 W/cm 2 ), collapsed and/or flattened and contorted CNPs were clearly observed in TEM images (Fig. 3d) .
Drug Release and Cellular Uptake of Echo-CNPs
As a drug delivery cargo, Echo-CNPs were loaded with 10 wt% and 30 wt% of DTX via the O/W emulsion method, and the DTX-loading efficiencies were approximately 93% and 61.7%, respectively (Fig.  4a) . The high drug-loading capacity was comparable to those of liposome and CNPs. However, PFP-GC mixture showed extremely low drug-loading efficiency since GC polymers lack cholanic acid that comprises hydrophobic inner reservoirs to load hydrophobic chemo-drugs. Furthermore, as expected, 10 wt% of DTX-encapsulated Echo-CNPs (DTXEcho-CNPs) clearly showed US-triggered drug release behaviors via exposure to the external US irradiation (Fig. 4b) . When Echo-CNPs were US-irradiated for 5 min at 37°C, 7 times higher amount of DTX was released from Echo-CNPs at 10 min post-incubation, compared to that of Echo-CNPs without the external US irradation. The high drug-loading capacity and US-triggered drug release behaviors of Echo-CNPs showed that the external US irradiation greatly enhanced the drug release by destroying the PFP gases in Echo-CNPs.
To evalulate the pH-dependent cellular uptake of Echo-CNPs, NIRF Cy5.5-labeled Echo-CNPs (red color) were incubated with SCC7 tumor cells and their intracellular uptake was confirmed by confocal microscopy (Fig 4c) . Before this cellular uptake test, the cell viability of Echo-CNPs in SCC-7 tumor cell was measured using MTT assay. After 24 h post-incubation, Echo-CNPs (1 mg/ml) did not present any cototoxicity (Supplementary Fig. 1 ). At the normal pH of 7.4, after 10 min incubation, the red fluorescent Echo-CNPs were mainly observed on the outer cellular membrane of SCC7 cells and not in the nucleus (DAPI-stained blue color). At 30 min post-incubation, some of the Echo-CNPs were observed in the cytosol, which indicates cellular uptake of Echo-CNPs, but still the majority of red fluorescence was localized on the outer cellular membrane. On the contrary, at an acidic pH of 6.5, which is the same as the tumoral pH, much stronger red fluorescent signals of Echo-CNPs were observed on the cellular membrane and in the cytosol after 10 min incubation, indicating the enhanced cellular association and internalization of Echo-CNPs at the lower pH. The accelerated cellular uptake of Echo-CNPs at an acidic pH can be justified by the pKa value of amine groups that exist in the GC polymer. The amine groups of GC become protonated and positively charged at a slightly acidic pH, and the positively charged glycol chitosan shell of Echo-CNPs results in the faster binding and cellular uptake of Echo-CNPs by the targeted tumor cells. [30] This finding suggests that the uptake of Echo-CNPs can be greatly enhanced in a tumoral acidic enviroment, as compared to the normal tissues.
In order to confirm the drug release and the localization tendency inside the cells, fluorescent doxorubicin (DOX) was used as a model drug instead of DTX. The intracellular fate of physically encapsulated DOX molecules in Echo-CNPs was monitored in the SCC7 tumor cells over time (Fig. 4d) . In the case of free DOX, after 1 h incubation, the majority of free DOX (green color) was localized in the nuclei (blue color) at the site of drug action, indicating the rapid drug uptake and the appropriate transfer of the free DOX molecules inside the cells. However, DOX molecules from non-echogenic CNPs were mainly observed in the cytoplasm up to 1 h post-incubation. The result indicates that the release of DOX from non-echogenic CNPs was not effective in the live cells, due to the slow release and/or endosome entrapment of the physically encapsulated DOX in the CNPs. On the contrary, the rapidly released DOX from Echo-CNPs was mainly localized in the cytosol at the initial time point (10-30 min post-incubation), and then many of the released DOX were observed in the nuclei inside the tumor cells after 1 h incubation. These results imply that expanding Echo-CNPs with PFP evaporation can accelerate DOX release, and the released DOX get effectively transferred to the nucleus, which is the site of drug action.
Furthermore, in order to predict the effect of external US irradiation on the drug release and localization tendency on a cellular level, SCC7 cells were observed by confocal microscopy after the external US irradiation (US Power 100%; 10 MHz; mechanical index: 0.235; average power: 0.0676 W/cm 2 ) into the Echo-CNPs-treated cells and non-treated cells. Importantly, the external US irradiation for in vitro tests did not present any toxicity to the control and Echo-CNP-treated SCC7 cells after 5 min US-irradiation (Supplementary Fig. 2) . As a result, after 30 min incubation, the external US irradiation promoted the drug release (green color) from Echo-CNPs (red color) by interacting with the echogenic Echo-CNPs (Fig. 5a) . Interestingly, it was evident that the interaction of US and Echo-CNPs induced the desired movement of the released DOX from the cytoplasm to the nucleus (blue color) when the DOX localization was precisely observed 3-dimensionally (Fig. 5b) . Also, the strong US irradiation may induce the cavitation effect of Echo-CNPs by the expansion, collapse and oscillation of inner PFP bubbles, which can enhance the internalization of therapeutic drugs/genes into targeted cancer cells. [8, 31, 32] 
In Vitro Echogenicity and In Vivo US Imaging of Echo-CNPs
The echogenic properties of Echo-CNPs were investigated in agar-gel phantom in comparison to those of PFP-GC and Sonovue® as control echogenic particles. When the weight ratio of PFP to Echo-CNPs was increased from 0.5 wt% to 5 wt% in saline at the body temperature of 37 °C, the US intensity was proportionally increased and saturated at 5 wt% ( Fig.  6a and 6b) . We also tested the dose-dependent echogenic properties of Echo-CNPs containing 5 w% of PFP in order to verify that Echo-CNPs can generate strong US signal even in biologically relevant highly diluted condition ranging from 0.1 to 1 mg/ml of Echo-CNPs concentration in the same agar gel phantom condition. When the biologically relevant dose-dependent US intensities of Echo-CNPs were acquired after 1 h post-incubation ( Supplementary Fig. 3) , Echo-CNPs presented the strong US intensity at the more diluted concentration of PFP and CNPs that can be available for in vivo US imaging. Moreover, as expected, the strong US signals of Echo-CNPs persisted for 120 min, and the half-life of echogenicity was 49 min (Fig. 6c and 6d) . The duration of the echo signals of Echo-CNPs was approximately 5 times longer than that of commercially available Sonovue® and GC-PFP, 9.2 min and 10 min, respectively, in the same condition (Fig. 6d) . As described above, since the stabilized and robust CNP scaffold can detain the vaporization of the encapsulated PFP, the duration and the intensity of the US signals well correlated with the size variations, and were also dependent on the external temperature and the incubation time.
The in vivo tumor-targeted US imaging ability of Echo-CNPs was also confirmed by intravenous (i.v.) injection of Echo-CNPs into SCC 7 tumor-bearing mice. When the tumor sizes reached 150 mm 3 , Echo-CNPs (16 mg/kg) or Sonovue® (40 mg/kg) was injected and the US intensity at the tumor tissue was observed (Fig 6e) . As a result, within 1 min post-injection, the bright and strong echo signals began to be observed via US imaging, indicating effective tumor accumulation of Echo-CNPs. More importantly, the strong US signals persisted for 1h at the tumor site, which can be attributed to the continuous PFP gas generation inside Echo-CNPs at the targeted tumor tissue. In contrast, the US signal of Sonovue® in the target solid tumor was not enough to visualize the whole tumor, which means inefficient amount of micro-sized Sonovue® was accumulated in the tumor after the i.v. injection. It is well known that the easily vaporizable, thus diffusible sulfur hexafluoride gas of Sonovue® in the blood is not stable in the US field, so they disappear within 5 min inside the body. [33] Also, Sonovue® would not be able to circulate the whole body repeatedly due to its micro-sized dimension. However, outstanding physico-chemical properties of echogenic Echo-CNPs as an ultrasound contrast agent as well as a drug delivery cargo resulted in prominently improved US tumor imaging. Moreover, the high quality of US imaging of tumor can be rationalized by the following in vivo whole body distribution and the tumor accumulation of Echo-CNPs. 
In vivo Bioditribution of Echo-CNPs in Tumor-Bearing Mice
To confirm the tumor-targeting efficiency of Echo-CNPs with and without any direct exposure to an external US, Flamma TM -labled and 10wt% DTX-encapsulated Echo-CNPs were non-invasively imaged in SCC7 tumor-bearing mice. When the tumor size reached approximately 150 mm 3 , 5 mg/kg of Echo-CNPs were intravenosuly administered through the tail-vein injection. To evalulate the enhanced tumor targetging ability by the generation of acoustic cavitation through the interaction of echogenic Echo-CNPs with US, US was applied to the solid tumors directly for 10 min, after 3 min post-injection. We hypothesized that US and osillating echogenic Echo-CNPs can generate a biologically useful energy to enhance the permeability of the surrounding vessels to allow deep tumor tissue penetration of the nanoparticles. [31] At 1 h post-injection, dorsal tumor tissue was clearly delineated from the surrounding normal tissue in both groups of with and without US, demonstrating the tumor-specific targeting ability of Echo-CNPs. Non-invasive NIRF images revealed that the Echo-CNPs gradually accumulated for up to 2 days post-injection, due to the EPR effect, facillitated by the in vivo-favorable size of Echo-CNPs (Fig. 7a) . Interestingly, in the US treated group, the tumor accumulation of Echo-CNPs was more prominent and faster than the US non-treated group in the whole body distribution images up to 2 days. Specifically, the maximal difference in tumor accumulation of Echo-CNPs between the US-treated and non-treated groups was observed at 3 h post-injection. US-treated group showed 4-7 times higher tumor accumulation based on the measurements of the fluorescent intensities of the excised tumors (Fig. 7b) . US-treated group showed even wider distribution of Echo-CNPs inside the excised tumor compared to the non-treated group (Fig. 7c) , indicating that Echo-CNPs could penetrate the main vessels to reach the surrounding tumor tissue effectively by generating acoustic cavitation from echogenic Echo-CNP-US interaction. To predict and visualize the US-triggered drug release in in vivo condition more clearly, 10 wt% of flurorescnet Nile red-encapsulated Echo-CNPs (100 μL in saline, 10 mg/kg of Nile red) were intravenosuly inejcted, when the tumor sizes became approximately 150 mm 3 in volume in SCC7 tumor-bearing mice. The fluorescent Nile red released from the Echo-CNPs in tumoral vessels was visulalized using OV 100 micro-vessel imaigng system. After 10 min post-injection, the targeted tumor region was treated with US for 5 min on the US destruction mode (10 MHz; mechanical index: 0.235; average power: 0.0676 W/cm 2 ) to induce the destruction of the gaseous PFP of the Echo-CNPs (Fig. 7d) . As a result, prominent and a wide range of Nile red fluorescence distribution was observed in the entire tumor tissue with the US treatment, while faint and narrow distribution of Nile red was resulted in the US non-treated group. Those comparative images with and without US clearly showed that the use of echogenic Echo-CNPs with US could greatly improve the drug delivery efficiency in terms of US-triggered drug release as well as cavitation-induced enhancement of the vessel permeability.
Therapeutic Efficacy of Echo-CNPs in Tumor-bearing Mice
To evaluate the therapeutic efficacy of Echo-CNPs, 10 wt% of DTX-encapsulated Echo-CNPs were administered to SCC7 tumor-bearing mice (n=5), and the tumor growths were monitored for 15 days. In brief, when the tumors were grown to 15-20 mm 3 , four different types of treatements: injection of (1) saline, (2) free DTX (10 mg/kg) (3) DTX-encasulated Echo-CNPs (10 mg/kg DTX), and (4) DTX-encapsulated Echo-CNPs (10 mg/kg DTX) follwed by US irradiation (n=5), were conducted for the tumor therapy once every three days for 12 days. For the US irradiation, the destruction mode of US (10 MHz; mechanical index: 0.235; average power: 0.0676 W/cm 2 ) was applied to the tumor sites after 10 min, 30 min and 1 h post-injection of Echo-CNPs.
First, the therapeutic efficacy of each sample was examined by measuring the tumor volumes over the course of 15 days (Fig. 8a and 8b) . As expected, the control saline group did not present any therapeutic efficacy and the mean tumor volume changed from 15 mm 3 to 1,843 mm 3 . On the 15 th day, however, DTX-encapsulated Echo-CNPs -treated mice presented a dramatic reduction in the tumor volume when a series of ultrasound irradiation was applied; the final mean tumor volume was 16 ± 1.2 mm 3 by the end of the study (mean ± s.e., n=5, ANOVA at 95% confidence interval), which is significantly smaller than that of the free DTX-treated mice (840 mm 3 ) (Fig.  8b) . Furthermore, in comparison with the DTX loaded Echo-CNPs -treated mice, after US irradiation, DTX-encapsualted Echo-CNPs -treated mice showed the smallest tumor size, which is 0.8 % of free DTX-treated group, indicating that the enhanced therapeutic efficacy of Echo-CNPs can be achieved by the US-triggered drug release at the target tumor tissue. In the histological analysis, H&E staining clearly showed a substantial damage inside the tumor tissue in the US-treated, DTX-encapsulated Echo-CNPs group (Fig. 8c) . From the therapeutic efficacy data, the US-irradiated Echo-CNPs might have increased the local concentration of the released drug in the target tumor, resulting in the maximized anti-tumor therapeutic efficacy. [21, 27] 
Conclusions
The outstanding physico-chemical properties and the sophisticated nanostructure of the hydrophobic core-hydrophilic shell layer of Echo-CNPs highlight two advantages as US-responsive multimodal theranostic naoparticles. First, the inner hydrophobic cores of Echo-CNPs can function as a robust and effective reservoir for both chemo-drugs and PFPs. The function as a gas container is note-worthy in terms of the effective retardation of the gas expansion and the maintenance of the physical and mechanical stability. This aspect results in the prolonged half-life of Echo-CNPs in the bloodstream that they remain in the circulation long enough to reach the target site in vivo, benefited from the in vivo-friendly nanoscale size. Second, hydrophilic GC polymers of the outermost shell layer provide excellent in vivo-friendly physico-chemical properties such as serum stability and biodegradability as well as tumor-homing ability. The newly developed Echo-CNPs could be utilized as drug delivery vehicles as well as ultrasound contrast enhancers, which could achieve site-and time-specific drug release by externally applying US for cancer treatment. and Flamma TM (FPR-675) was purchased from Bioacts (Incheon, Korea). Dimethylsulfoxide (DMSO) and methanol (MeOH) were used reagent grade without further purification. Squamous cell carcinoma (SCC7) was purchased from the American Type Culture Collection (ATCC, Rochkville, MD, USA). For cell culture, RPMI-1640, trypsin-EDTA and fetal bovine serum (FBS) were purchased from Welgene Inc (Daegu, Korea).
Experimental Section
Preparation of DTX-loaded CNPs (DTX-CNPs).
Hydrophobically modified glycol chitosan (HGC) was prepared by following the previous report [27, 34] . In brief, HGC was synthesized by chemical conjugation between glycol chitosan (GC) and 5β-cholanic acid (CA) in the presence of EDC and NHS. After dissolving GC and CA into distilled water (DW) and MeOH respectively, EDC and NHS were added into CA solution to activate the carboxyl group of CA to react with the amine group of the GC polymer. Then, GC solution was slowly added into CA solution with vigorous stirring and the mixture was incubated for 24 hrs at room temperature. After the reaction, it was dialyzed against MeOH/DW mixture and DW for 3 days, and lyophilized. Final chitosan nanoparticles (CNPs) were prepared by self-assembly of HGC in aqueous solution. For particle preparation, 2 mg of HGC was dissolved in DW (1 mL) and sonication was conducted for 5 min, using a probe-type sonicator (Ultrasonic processor 750W, Cole-Palmer, IL, USA). As an anticancer drug, docetaxel (DTX) was loaded into CNP using emulsification method. For drug incorporation, 3 mg of DTX was dissolved in DCM (0.6 mL), and it was dropped into CNP solution (27 mg/ 6 mL) undergoing sonication. Then, the emulsion was concentrated for 3 hr to remove residual DCM, and 30 mL of DW was added with stirring. After 30 min, it was dialyzed against DW for 2 days, and lyophilized. To compare the drug-loading efficiency of CNPs with raw glycol chitosan polymer (native GC) and liposome carrier, DTX was also formulated into both polymers. DTX-loaded native GC particles were prepared usnig the same method for DTX-CNPs, and DTX-loaded liposomes were prepared through the solvent evaporation method using phosphorylcholine lipid. 10-30 % (w/w) of DTX was formulated into CNP, native GC, and liposome, and drug-loading efficiency was measured by high performance liquid chromatography (HPLC) (Agilent Tech., CA, US) equipped with C18 column.
Preparation of Echogenic Nanoparticles (Echo-CNPs). In order to introduce echogenic property into CNPs, perfluoropentane (PFP), which has a boiling point (bp) of 29 °C was formulated into the CNPs by oil in water (O/W) emulsification method with PFP (oil phase) and HGC polymer (water phase). For preparation of Echo-CNPs, 2 mg of HGC polymer was dissolved in DW (1 mL) and placed in an ice bath with probe type sonicator. Then, PFP (0.5~5 %, v/v to total solution) was slowly added into the polymer solution under a sonication process (25% power, 5 sec On/ 1 sec Off) for 2 min. To compare the echogenic property and the stability of the particles, as a control group, GC-coated PFP particles (GC-PFPs) were also prepared with native GC polymer using the same method for Echo-CNPs. Both Echo-CNPs and GC-PFPs were stored in rubber capped vial at 4 ºC and the storage did not exceed 1 hr to prevent vaporization. For anticancer therapy, DTX-loaded Echo-CNPs were prepared with DTX-CNPs. 10-30 % (w/w) of DTX-containing DTX-CNPs were dissolved in 1 mL, and 5μL of PFP was added under sonication. The drug-loading contents were measured by HPLC using the same condition.
Characterization of Echo-CNPs. The size distribution of Echo-CNPs, CNPs, GC-PFPs and Sonovue® were measured by zeta-sizer (Malvern Zetasizer; Malvern Ins.Ltd., UK) with 633 nm wavelength. Each particle system was diluted in DW (10 %, v/v) and the sizes were measured after the incubation at 25 ºC for 5 min. The sizes were measured three times and the mean diameter was determined by number means. The morphology of Echo-CNPs, CNPs, PFP-GC and Sonovue® was observed by transition emission microscopy (TEM, CM-200, Philips, CA). For sample preparation, each sample was incubated in DW for 5 min at 25 ºC, dropped onto copper grid (400-mesh), and stained with 5% (w/v) of uranyl acetate solution. To evaluate the size changes of Echo-CNPs depending on the time at practical condition, the sizes were measured for 60 min at 25 ºC and 37 ºC, and their sizes were simultanesouly visualized by optical microscope (BX51; Olympus Co. Ltd., Japan) attached with a 40x focal lens. The morphological changes of Echo-CNPs at different temperatures (4 ºC ~ 60 ºC) were also observed by TEM. For observation, Echo-CNPs were incubated at different temperature for 5 min and stained by uranyl acetate solution using the same process above. The size, shape, and element mapping analysis of Echo-CNPs were observed by transmission electron microscopy at 200kV (Talos TM F200X, FEI Corporate, Oregon, USA). The chemical compositions of Echo-CNPs were determined by the energy dispersive x-ray spectroscopy (EDS) with 4-channel detector (Talos TM F200X, FEI Corporate, Oregon, USA), and mapping analysis of elements was performed based on the differential phase contrast (DPC) information using Velox TM S/TEM software (FEI Corporate, Oregon, USA).
In vitro Release of DTX loaded Echo-CNPs. In vitro drug release profile of DTX-loaded Echo-CNPs was determined by HPLC after sinking in the PBS/tween 80 mixtures (20mL). In brief, DTX-loaded Echo-CNPs (10%, w/w) were dispersed in PBS (5 mg/mL) and placed into a dialysis membrane (MWCO = 6,000~8,000). The dialysis membrane was sunken in 20 ml of PBS/tween80 (99.9/0.1) solution at 37 ºC. The sinking buffer was sampled periodically up to 48 h and fresh medium was refilled every time. Release profile of DTX from Echo-CNPs was analyzed using HPLC equipped with C18 column at 40 ºC. In order to evaluate the drug release by US irradiation, the destruction mode of US (US 100% power; 10 MHz; mechanical index: 0.235; average power: 0.0676 W/cm 2 ) was applied to the DTX-encapsulated Echo-CNPs and their release amounts were compared with non-US Echo-CNPs. For US irradiation, DTX-Echo-CNP containing dialysis membrane was laid in a hand-made tool filled with PBS/tween solution (20 mL) and the destruction mode of US was applied to the DTX-encapsulated Echo-CNPs for 5 min using Vevo770® system. The sinking buffer was sampled and analyzed as mentioned above.
In vitro Cellular Uptake and Release Behavior of DOX. In order to determine cellular uptake behavior of Echo-CNPs, flamma TM was labeled to CNPs and Echo-CNPs were prepared with PFP. For in vitro cell uptake, SCC7 cells (1× 10 5 cells/well) were seeded onto glass bottom dish (35 mm), and 100 µg/ml of Echo-CNPs solution was added into the cells at different pH conditions (pH 6.5 and 7.4). After 10 and 30 min post-incubation, the cells were washed with PBS, and fixed with 4 % of formaldehyde solution for imaging. To demonstrate the drug release behavior of Echo-CNPs, DOX was encapsulated into the Flamma TM -labeled CNPs and Echo-CNPs were prepared with PFP (1 % v/v). After seeding SCC7 cells (1× 10 5 cells/well) onto dish (35 mm), free DOX, DOX-encapsulated CNPs (DOX-CNPs) and DOX-encapsulated Echo-CNPs (DOX-Echo-CNPs) (10 µg/ml of DOX) were added to the cells, and incubated for specific amounts of time. Then the cells were washed and fixed. To verify the US-triggered drug release behavior of Echo-CNPs, DOXEcho-CNPs (10 µg/ml of DOX) was treated onto SCC7 cells (1× 10 5 cells/well), and after 30 mins of incubation, the destruction mode of US (10 MHz; mechanical index: 0.235; average power: 0.0676 W/cm 2 ) was applied directly to the cells for 5 min. After washing with PBS, the cells were fixed for imaging. All in vitro cellular images were obtained by confocal laser microscope (Leica TCS SP8, Leica Microsystems GmbH, Germany) with 405 diode (405 nm), Ar (458, 488, 514 nm) and He-Ne (633nm) lasers. The quantification and 3-D modeling was analyzed by Leica software.
Cytotoxicity of Echo-CNPs. Cell viability of Echo-CNPs was confirmed by 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay. SCC-7 cells were maintained in RPMI 1640 (containing 1% antibiotics and 10% of fetal bovine serum) and seeded onto 96-well tissue culture plate (1×10 4 cells/well). After incubation, 200 μL of Echo-CNPs diluted with cell culture medium (1 μg ~10 mg/mL) were added to each well. The cells were further incuabated at 37°C for 24 h. Cells were stained with MTT solution for 2 h and then absorbance was measured by Microplate reader (VERSAmaxTM, Molecular Devices Corp., Sunnyvale, CA). Cell viability was calculated with the ratio between the normal cells to Echo-CNPs treated cells. Also, the cell viability of CNPs and Echo-CNPs with US treatment was determined using live and dead assay following the previous report. In brief, SCC7 cells (1×10 5 cell/well) were seeded in glass bottom dish (35 mm) and 2 ml of CNPs and Echo-CNPs (1 % v/v of PFP) were added into each dish. The cells were directly exposed to US and washed with PBS. After adding staining solution into each dish, fluorescent images were obtained using IX81-ZDC focus drift compensating microscope (Olympus, Tokyo, Japan).
Ultrasound Imaging In vitro. All the US images in vitro and in vivo were obtained by Vevo770® (High-Resolution Micro-Imaging System, Visualsonics, Toronto, Canada) equipped with RMV 706 probe at 40 MHz. For in vitro experiments, agar-gel phantom was made by molding ependorf tube (500 μL) in agar-gel to mimic conditions similar to our body. [20] Then, 300 μL of each sample was administered into the agar-phantom and the round shaped US images were obtained at contrast mode of Vevo770® software. In brief, various PFP concentrations (0.5~5.0 %) of Echo-CNPs were incubated in agar-gel phantom for 1 min with heating pad (37 ºC) and images were obtained. In order to compare the time-dependent US signal of Echo-CNPs to Sonovue® and PFP-GC, each sample (5%, v/v of PFP) was administered in agar-gel phantom for specific amounts of time. The normalized US intensities were calculated by subtracted ROI ratios between water control and sample's intensity.
Ultrasound Imaging of Tumor-bearing Mice. All animal studies were performed within the relevant laws and guidelines of Korea Institute of Science and Technology (KIST) and institutional committees. For in vivo US imaging, the tumor model was established using subcutaneous injection of SCC-7 cells (1×10 6 ) into 5.5 week-old C3H/HeN male mice (n=3, 25-30 g) at the lower back site. When the tumors grew to approximately 100~150 mm 3 , mice were anesthetized using isoflurane gas fixed in an animal pad (Vevo770 ® maintained at 37ºC) and mice hair was removed with depilatory cream for imaging. After covering with aqua-gel (US-gel) on tumor, ultrasound probe (RMV 706) was located on the center of the tumor surface. Before the injection, pre-injection image was obtained, and 200 μL of Echo-CNPs was intravenously injected using a catheter syringe. Then, US images of tumor tissue were observed for 60 min at 40 MHz with contrast mode of Vevo 770 ® software. In order to compare the US enhancing ability of Sonovue ® to Echo-CNPs at tumor site, 200 μL of Sonovue ® was also injected and tumor tissue was imaged using the same procedure. The obtained US intensity was normalized by ROI ratio between the background (aqua-gel) and the tumor intensity.
In vivo Biodstribution of Echo-CNPs. In vivo biodistribution of Echo-CNPs was obtained by eXplore Optix system (Advanced Research Technologies Inc., Montreal, Canada) at 10 μW of laser power with 0.3 s per imaging point. In brief, Flamma TM -labelled Echo-CNPs (5 mg/kg) were intravenously injected into SCC7-bearing BALB/c nude mice, and NIRF images were obtained at the specified time points. To compare the US-triggered tumor accumulation behavior of Echo-CNPs, the destruction mode of US (10 MHz; mechanical index: 0.235; average power: 0.0676 W/cm 2 ) was applied after 3 min of injection for 60 min, and their fluorescence intensity was observed at the same time points as the non-US treated mice. The resulting NIRF intensities of tumor tissues were quantified at the region of interest at tumor site (30 mm 2 ) by eXplore Optix system software. After 48 h post-injection, tumor and major organs were extracted, and ex vivo images were obtained by IVIS Spectrum imaging system (Caliper Life Sciences, Hopkinton, MA). The residual NIRF intensities of organs were quantified by IVIS Spectrum imaging system software.
Fluorescence Imaging in Tumor Tissue. Subcutaneous SCC7 tumor-bearing C3H/HeN mice (n=3, 25-30 g) was used for fluorescence imaging of the tumor tissue. In order to visualize Echo-CNPs and the drug distribution within the tumor tissue, Nile-red was loaded into flamma TM labeled Echo-CNPs as a model drug using the same method for DTX formulation. To evaluate the US-dependent drug release profile in tumor tissue, 100 % power of US (10 MHz; mechanical index: 0.235; average power: 0.0676 W/cm 2 ) was applied to the tumor site for 5 min, at 3 min post-injection of Echo-CNPs (5 mg/kg). Then, the tumor skin was removed and the tumor tissue was imaged after 10 min of injection by OV-100 in vivo fluorescence imaging system (Olympus Co. Ltd., Japan) attached with Cy 5.5 and RFP filter. The tumor tissue of non-US treated mice was also imaged in the same condition after Echo-CNP injection, and the fluorescence intensities of Echo-CNPs were analyzed using OV-100 software.
Therapeutic Efficacy of DTX loaded Echo-CNPs (DTX-Echo-CNPs).To verify therapeutic effects of DTX-loaded Echo-CNPs (DTX-Echo-CNPs), 1×10 6 of SCC-7 cells were subcutaneously inoculated to C3H/HeN male mice (5.5 week, 25 -30 g) for the tumor model. For tumor treatment, mice were divided into 4 groups: (1) saline, (2) free DTX and (3) DTXEcho-CNPs and, (4) DTX-Echo-CNPs with US irradiation. When the tumor volumes were approximately 15-20 mm 3 , (1) saline, (2) free DTX and (3) DTXEcho-CNPs were administered via tail vein injection (10 mg/kg of DTX) to each group every 3 days for 12 days. For the US irradiation group, bubble destruction process (10 MHz; mechanical index: 0.235; average power: 0.0676 W/cm 2 ) was conducted using Vevo770 ® system after 3 min of DTX-Echo-CNPs injection. The tumor volumes were measured using caliper every 3 days and calculated using the formula, width×length×height×1/2, for 15 days. After therapy, all mice were sacrificed and tumors were extracted.
Tumor tissues were fixed with 4% paraformaldehyde and embedded into paraffin to be sectioned. The histological changes of tumor tissues were evaluated using hematoxylin-eosin (H&E) staining according to the manufacturer's protocol. Supplementary Figures 1-3 . http://www.thno.org/v05p1402s1.pdf
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